Cynomolgus macaques (Macaca fascicularis) infected with influenza virus A/Hong Kong/156/97 (H5N1) developed acute respiratory distress syndrome and fever associated with a necrotizing interstitial pneumonia. Reverse transcription PCR, virus isolation, and immunohistochemistry showed that the respiratory tract is the major target of the virus.
Influenza A virus infections are an important cause of disease in humans and several animal species, including birds, pigs, and horses. It is well documented that aquatic birds are the reservoir for the introduction of new subtypes into the human population (26) . Three influenza A virus subtypes (H1N1, H2N2, H3N2) with hemagglutinin and neuraminidase gene segments of avian origin have been associated with pandemic outbreaks and annually recurring disease in humans in the past century.
In 1997, influenza A viruses of the H5N1 subtype were isolated from patients in the Hong Kong area (3, 5, 25) . These viruses showed Ͼ99% homology with avian influenza viruses that had caused mass mortality in chicken farms in the same area (3, 14, 22, 24) . Although infection with influenza H5N1 viruses proved to have a subclinical course in some exposed individuals (1, 12) , 18 infected individuals were hospitalized upon developing severe clinical symptoms. The main clinical presentation of the infection in these patients was a severe primary viral pneumonia (27) , which was fatal in 6 of the 18 cases. It was speculated that the high pathogenicity was caused by a wider tissue tropism of influenza A (H5N1) viruses (27) , as had been found in chickens (24) . Although mouse models have provided insight into the pathogenesis of influenza A (H5N1) viruses in a mammalian host (6, 9, 10, 13) , this cannot be extrapolated to humans directly. Therefore, we decided to study the pathogenesis of influenza A (H5N1) virus infection in primates. To this end, we infected cynomolgus macaques (Macaca fascicularis) with influenza virus A/HongKong/156/97 (H5N1), the isolate obtained from the index case of the 1997 outbreak in Hong Kong (2, 5) .
This virus was propagated three times in tertiary monkey kidney (tMK) cells obtained from cynomolgus macaques, and subsequently a virus stock was prepared in Madin Darby Canine Kidney (MDCK) cells (passage MK 3 MDCK 2 ) as previously described (21) . All experiments were conducted under biosafety level 3 conditions.
Five days before infection, four adolescent, colony-bred cynomolgus macaques were placed in a negatively pressurized glove box in pairs of one male and one female. The monkeys were infected with 2.5 ϫ 10 4 50% tissue culture infective dose (TCID 50 ) of influenza virus A/HK/156/97, which was suspended in 5 ml of phosphate buffered saline. Four milliliters was applied intratracheally, 0.5 ml on the tonsils and 0.25 ml on each of the conjunctivas. Just before infection and on days 3 and 5 postinfection (p.i.), the monkeys were anesthetized with ketamine and 10 ml of EDTA-treated blood was collected from an inguinal vein. From two monkeys (no. 3 and no. 4), nasal swabs (NS), pharyngeal swabs (PS), and bronchoalveolar lavage specimens (BAL) were collected on the time points p.i. for virological analyses. The two other monkeys (no. 1 and no. 2) were not intubated at any time before or during the experiment. They were euthanatized on day 4 p.i., and monkeys no. 3 and no. 4 were euthanatized on day 7 p.i. by exsanguination under ketamine anesthesia.
From 5 days before infection onwards, the monkeys were checked for the presence of clinical signs by a veterinarian every day. The body temperatures of the monkeys were measured by telemetry (IMAG, Wageningen, The Netherlands) every 3 min. To this end, a transponder was placed in their abdomens 30 days before infection. The respiratory rate was determined visually at regular intervals. Three of the four monkeys developed a fever within the first 2 days p.i. (Fig. 1) . Monkeys no. 3 and no. 4 developed a fever of Ͼ40°C 24 and 106 h p.i., respectively. During the late stage of the infection, monkey no. 3 showed signs of acute respiratory distress syndrome. The respiratory rate of this monkey increased from 30 to 100. This monkey also became lethargic, lost its appetite, developed cyanotic ear tips, and was coughing on days 6 and 7 p.i. The clinical signs-fever and severe respiratory illness-in these monkeys were the most frequently presenting clinical signs observed in humans infected with avian H5N1 virus (27) . The experimental influenza virus disease in monkeys was more severe with strain A/HK/156/97 (H5N1) than with a human influenza virus A (H3N2) strain previously tested (20) . Forty-eight cynomolgus macaques had been infected by the intratracheal route with cell culture-passaged influenza virus A/Netherlands/18/94 (H3N2) with a dose 400 times higher than the dose of A/HK/156/97 that was used. Of these monkeys, 12 were not vaccinated against influenza or treated with anti-influenza virus drugs at the time of infection; none of these 12 animals developed clinical signs, although the virus replicated in the respiratory tract to moderate titers.
Necropsies were carried out according to a standard protocol. Samples for virological examination were stored at Ϫ70°C, and samples for histological examination were stored in 10% neutral-buffered formalin. Tissue samples of trachea, lung, heart, spleen, liver, kidney, cerebellum, cerebrum, and tracheobronchial lymph nodes (TBLN) were homogenized in minimal essential medium containing 100 IU of penicillin per ml, 100 g of streptomycin per ml, 4% bovine serum albumin (fraction V; Gibco-BRL), and 4 g of trypsin (Gibco-BRL) (infection medium) using Potter tissue grinders. After lowspeed centrifugation, the infectious virus titers of the homogenized tissue samples, PS, NS, and BAL specimens were determined and expressed as TCID 50 /gram of tissue or as TCID 50 /milliliter as described previously (19) . The identity of the virus that was isolated was confirmed in a hemagglutination inhibition assay using a rabbit antiserum directed against influenza virus A/Duck/HongKong/205/77 (H5N3) using standard procedures (18) . In addition, a reverse transcription (RT)-PCR was performed on homogenized tissue samples with primers derived from conserved regions in the matrix gene segment as described previously (8) . After analysis by agarose gel electrophoresis and ethidium bromide staining, Southern blot hybridization was carried out with a biotin-labeled probe for confirmation (8) .
High virus titers (up to 10 7 TCID 50 /g of tissue) were demonstrated in the lungs of the two monkeys, which had been euthanatized 4 days p.i. (Fig. 2) . From the trachea and the TBLN of monkey no. 1 infectious virus was isolated, and in the heart tissues of monkeys no. 1 and no. 2 infectious virus proved to be present. Since virus-infected cells were not demonstrated in heart tissue (see below), it cannot be excluded that this organ was contaminated with virus originating from the lungs, which were severely damaged as a result of the infection. In the organs of monkeys no. 3 and no. 4, which were euthanatized 7 days p.i., no virus could be isolated from any of the organs. Influenza virus A/HK/156/97 was readily isolated from the BAL specimens obtained from monkeys no. 3 and no. 4 on days 3 and 5 p.i., from the PS obtained from both monkeys on day 5 p.i., and from the NS obtained on days 3 and 7 p.i. from monkey no. 4 (data not shown). The results obtained with the virus isolation procedures were confirmed by RT-PCR: all samples that were positive by virus isolation were also found to be positive by RT-PCR (Table 1 ). In addition, some tissue samples that were negative by virus isolation tested positive by PCR. The cerebellums of monkeys no. 1 and no. 2 and the (Table 1) . Trachea, lung, and TBLN samples obtained from the monkeys that were euthanatized on day 7 p.i. were still positive by RT-PCR but were negative by virus isolation. Furthermore, positive results were obtained with the plasma of monkey no. 4 collected 7 days p.i. and the spleens of all four monkeys. This indicates that virus or virus-infected cells were taken up in the bloodstream and subsequently trapped in the spleen. Liver and kidney tissues tested negative by virus isolation and RT-PCR ( Table 1) .
The formalin-fixed tissue samples were embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin or with an avidin-biotin complex immunoperoxidase method (11), using a monoclonal antibody (HB-65; American Type Culture Collection) to the nucleoprotein of influenza virus A. As a secondary antibody a biotin-labeled goat antibody preparation directed against mouse immunoglobulin G (Lab Vision, Fremont, Calif.) was used. After incubation with avidinperoxidase, diamino-benzidine was used as a substrate to produce a dark brown precipitate. In addition, lung samples were stained with the Gram stain for the presence of bacteria. The monkeys euthanatized at 4 days p.i. had focal pulmonary consolidation, involving the right medial lobe in monkey no. 2 and the left caudal lobe in monkey no. 1. The monkeys euthanatized at 7 days p.i. had extensive pulmonary consolidation in both lungs with a cranioventral distribution. Histologically, the lesions in all four monkeys were diagnosed as a necrotizing bronchointerstitial pneumonia, with extensive loss of alveolar and bronchiolar epithelium, and flooding of the alveoli with edema fluid, fibrin, erythrocytes, cell debris, neutrophils, and macrophages. In addition, monkey no. 4 had a large area of necrosis in the central part of the right lung. Histologically, this consisted of a well-demarcated area of coagulation necrosis, which has been recorded in some cases on influenza A virus pneumonia in pigs and humans (7, 16) , and may be due to a compromised blood supply due to vascular damage and thrombosis. Lesions in tissues outside the respiratory tract consisted of a mild suppurative tonsillitis in monkeys no. 3 and no. 4, extensive lymphocytic necrosis in spleen and lymph nodes in monkey no. 4, and multifocal renal tubular necrosis in no. 4 . No bacteria were seen in the hematoxylin-and eosin-or Gramstained sections of pulmonary tissue in any of the monkeys, excluding a possible involvement of secondary bacterial infections (23) . The lung damage caused by influenza viral infection causes hypoxia and clinical signs of acute respiratory distress syndrome (4), which were most apparent in monkey no. 3. Although the increased pulmonary damage in monkeys no. 3 and no. 4 compared to that in monkeys no. 1 and no. 2 indicates that infection with influenza virus A/HK/156/97 caused a progressive pneumonia in these monkeys, it cannot be excluded that the BALs performed in monkeys no. 3 and no. 4 influenced the natural course of the infection by spreading the virus more efficiently in the lungs or by abrading the lung mucosa.
Positive staining by immunohistochemistry in tissues of the monkeys euthanatized at 4 days p.i. was limited to the respiratory tract. The cell types involved were alveolar macrophages, type 1 and type 2 pneumocytes, bronchiolar and bronchial epithelial cells, neutrophils, and unidentified mononuclear cells (Fig. 3) . This corresponds to the cell predilection of influenza virus in human infection (15) . In the monkeys euthanatized at 7 days p.i., positive staining was also found in the tonsils, where sloughed epithelial cells in the crypts and dendritic cells in some germinal centers stained positive. In the respiratory tract, fewer cells stained positive and the staining was weaker than at 4 days p.i., which corresponded to the failure to isolate influenza virus from pulmonary tissue at 7 days p.i. Furthermore, virus was isolated from the BAL sample at days 3 and 5 p.i. only and not at day 7 p.i., indicating that the peak of virus replication was around day 4 p.i.
No infected cells were demonstrated in the spleen, heart, or brains by immunohistochemistry in any of these animals. Thus, immunohistochemistry revealed that, in contrast to the situation with mice, the virus did not replicate outside the respiratory tract in the monkeys. In mouse models, influenza virus A/HK/156/97 was found by two studies (10, 13) but not by another (9) to replicate in the brains. In contrast, influenza virus A/HK/483/97 (H5N1) was consistently found to replicate in heart and brain tissues of experimentally infected mice. Recently it was shown in ddY mice that human influenza A (H5N1) viruses can replicate in adipose tissue (17) .
In the cynomolgus macaques, however, no evidence was found by immunohistochemistry that influenza virus A/HK/ 156/97 was adipotropic. In some human cases gastrointestinal manifestations or liver dysfunction were found, and it has been suggested that these clinical symptoms were caused by a wider tissue tropism of H5N1 viruses (27) . These symptoms, however, were found in only 33 and 60% of the cases, respectively. Furthermore, definitive evidence of virus replication in organs other than the respiratory tract of humans is still lacking.
Collectively, our data show that infection of cynomolgus macaques with influenza virus A/HK/156/97 leads to viral replication in the respiratory tract resulting in severe lung damage. Since the clinical signs in the cynomolgus macaques resembled those found in humans infected with the avian influenza H5N1 viruses, we conclude that infection of cynomolgus macaques with influenza H5N1 viruses may serve as a model for these infections in humans. It should, however, be realized that due to ethical and practical constraints there is a limit to the number of animals that can be used. The model may be used to study factors involved in the pathogenesis of these influenza A viruses, and it would be of interest to test in cynomolgus macaques different influenza H5N1 viruses with different pathogenic potential for mice. Furthermore, the model will be useful for the evaluation of novel vaccines and antiviral drugs against these viruses.
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